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Abstract
Using the Dirac-Brueckner-Hartree-Fock (DBHF) approach including the hyperon degrees of
freedom, we investigate the properties of neutron-star matter. To handle the hyperons in matter,
we first examine the importance of the space part of baryon self-energies at high densities, and
secondly study the effect of negative-energy states of baryons, which can provide an unambigu-
ous relationship between the in-medium reaction matrices for baryon-baryon scattering and the
baryon self-energies. We solve the coupled, Bethe-Salpeter equations in the nuclear-matter rest
frame by using the Bonn potentials. We assume that eight kinds of nonstrange and strange mesons
(σ, δ, ω, ρ, η, pi, K, K∗) take part in the interactions between two baryons. Then, we calculate
the baryon self-energies, the energy density and pressure of matter. The present calculation pro-
vides a hard equation of state in neutron-star matter at high densities, which is generated by the
effect of Pauli exclusion, the short-range correlations between two baryons, etc. We finally predict
the maximum neutron-star mass of 2.02M⊙, which is consistent with both the recently observed
masses, 1.97 ± 0.04M⊙ (J1614-2230) and 2.01 ± 0.04M⊙ (J0348+0432).
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I. INTRODUCTION
Neutron stars may be the most dense and exotic state of nuclear matter in the universe.
In particular, the core of neutron star serves as a natural laboratory to study the extreme
situation of nuclear matter whose density reaches several times higher than the normal
nuclear density, n0B [1]. The recent observations of the massive neutron stars, J1614-2230
with the mass of 1.97± 0.04M⊙ (M⊙: the solar mass) [2] and J0348+0432 (2.01± 0.04M⊙)
[3], have provided the tight constraints on the equation of state (EoS) for dense nuclear
matter.
To understand these massive objects, various nuclear models have been examined, in
which relativistic mean-field theory (RMFT) or relativistic Hartree (RH) approximation [4]
is very popular and has been successfully applied to describe not only the properties of
nuclear matter but also finite nuclei. However, in the RH calculation for the EoS of neutron
stars, it is necessary to extrapolate the EoS around n0B to the high-density region, where the
short-range correlations among baryons become very important.
To remedy this defect, one needs to proceed to the Dirac-Brueckner-Hartree-Fock (DBHF)
approach.1 In the DBHF calculations [6–16], the properties of nuclear matter around n0B
can be described well by using several nucleon-meson coupling constants determined by
an enormous amount of the elastic and inelastic nucleon-nucleon scattering data. Thus,
in contrast to RMFT, there is, in principle, no adjustable parameters to fit the matter
properties. In the DBHF approach, it is well recognized that the density dependence of
in-medium two-nucleon scattering amplitudes is mainly generated by the Pauli exclusion
principle and the short-range correlations, and that such density dependence plays a key role
in nuclear matter. Furthermore, the DBHFmethod effectively takes into account a particular
class of three-body forces, and thus it can explain the nuclear saturation in symmetric nuclear
matter [11]. The DBHF approach may be the most appropriate method to calculate the
EoS for dense nuclear matter like neutron stars, and it is quite interesting to perform such
calculations including the degrees of freedom of hyperons.
Until now, several groups have carried out the DBHF calculations not only in the region
around n0B but also in matter at higher densities [6–13]. However, if we want to take hyperons
1 Of course, the short-range correlations can be treated within non-relativistic formulation as well [5].
However, in matter at much higher densities than n0
B
, relativity becomes inevitable.
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into account as well as nucleon, the conventional approach is not convenient, because it
usually requires the following, two assumptions: (1) the space component of the in-medium
baryon self-energy, ΣV , is supposed to be small and hence ignored,2 (2) the relationship
between the in-medium on-shell T-matrix for nucleon-nucleon scattering and the in-medium
nucleon self-energies is not clear [9–11].
Concerning the assumption (1), up to around n0B, we can certainly expect that the space
part of the self-energy is small compared with the other components (see, for example,
Ref.[10]). However, we do not have any warranty on this assumption in extremely dense
matter. As for the assumption (2), the ambiguity emerges from limiting the state vectors of
nucleon in matter, that is, only the positive-energy states are usually considered, while the
negative-energy ones are discarded. Thus, if we can lift this restriction, the problem may
be settled. In fact, in Refs.[14–16], the negative-energy states are partly included in the
Bethe-Salpeter equation, and this method seems to be successful in removing the ambiguity.
Furthermore, in the usual DBHF calculation, it is often assumed that the mass difference
between the interacting proton and neutron can be ignored even in isospin-asymmetric
nuclear matter [8, 12].3 However, in general, the difference between those masses is likely
to be large and may not be negligible. The proton-neutron mass difference in matter has
been already considered in Ref.[15]. When hyperons take place in dense nuclear matter, the
effective masses of interacting two baryons are markedly different from each other.
Based on the above considerations, in the present paper, we solve the coupled, Bethe-
Salpeter equations in the nuclear-matter rest frame. We here adopt the Bonn potentials
[6]. Then, we calculate the baryon self-energies, the energy density and pressure of matter.
We also study the momentum dependence of the nucleon self-energies in details. Including
the hyperon degrees of freedom, we finally estimate the possible, maximum mass of neutron
stars, which may be the first ever result in the DBHF calculation.
The paper is organized as follows. In Sec. II, we briefly describe the present method
of the DBHF calculation. In Sec. IIIA, we compare the present DBHF method to the
conventional one, and discuss the problems mentioned above. Secs. III B 1 and IIIB 2 deal
with the equations of state for neutron stars without and with hyperons, respectively. The
2 In Refs.[7–12, 16], the ΣV is partly taken into account in the in-medium nucleon mass, which is called
the reduced effective mass.
3 Strictly speaking, the mass difference is neglected in the Born term of the Bethe-Salpeter equation.
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conclusions are presented in Sec. IV.
II. METHOD
In order to describe the baryon-baryon scattering in nuclear matter, we start with the
self-energy of baryon (B) in the rest frame of infinite, uniform nuclear matter. It is given by
ΣB(k) = Σ
S
B(k)− γ0Σ0B(k) + γ · kΣVB(k), (1)
where k (k) is the three- (four-) momentum of baryon. Here, Σ
S (0) [V ]
B is the scalar (the
zero-th component of vector) [the space component of vector] part of the baryon self-energy.
Using these self-energies, the effective mass, M∗B, the effective momentum, k
∗
B, and the
effective energy, E∗B, of baryon in matter are defined as
M∗B(k) ≡ MB + ΣSB(k), (2)
k∗B ≡ k[1 + ΣVB(k)], (3)
E∗B(k) ≡
√
k∗2B +M
∗2
B (k), (4)
with MB being the free baryon mass. It should be noted that, because in this work we fully
consider the space component of the self-energy, ΣVB, the definitions are different from those
in Refs.[6–13, 16].
Then, the baryon spinor states with positive or negative energy in matter are respectively
constructed as
ΦB(k, s) =
√
M∗B(k) + E
∗
B(k)

 χs,
k
∗
B
·σ
M∗
B
(k)+E∗
B
(k)
χs

 , (5)
ΘB(k, s) =
√
M∗B(k) + E
∗
B(k)

 k∗B ·σM∗B(k)+E∗B(k)χ−s
χ−s

 , (6)
where σ is the Pauli matrix, and χs denotes a 2-component Pauli spinor.
In the conventional DBHF method, the baryon-baryon scattering is usually evaluated in
the center of mass frame with respect to the interacting two baryons. In such a case, instead
of the standard spinors, Eqs.(5)-(6), the helicity spinors and the partial-wave decomposition
are often used to calculate the Bethe-Salpeter equation [6–12, 14–16]. This method is cer-
tainly convenient when the space part of the self-energy, ΣVB, can be insignificant. However,
in the case where ΣVB remains and k
∗
B 6= k, we may face a new trouble.
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To illustrate it, let us assume that the (original) three-momenta and the effective ones of
the interacting two particles, B and B′, are respectively given by (pB, p
∗
B) and (pB′ , p
∗
B′) in
the nuclear-matter rest frame, where pB(B′) and p
∗
B(B′) are parallel each other (see Fig.1 (a)).
Performing the Lorentz boost which is along the effective total three-momentum, P ∗BB′ =
p∗B +p
∗
B′ , and is chosen so that the two effective three-momenta of the interacting particles,
p∗Bc and p
∗
B′c, are equal and opposite in the center of mass frame, namely P
∗
BB′c = 0 (the
momenta in the center of mass frame are denoted with subscript c), the system is transferred
from the matter-rest frame to the center of mass frame (see Fig.1 (b)). Then, as seen in Fig.1,
the direction of three-momentum, pBc(B′c), does not in general coincide with the effective one,
p∗Bc(B′c). Thus, even if the helicity spinor, which satisfies σ ·p∗B(B′)c/|p∗B(B′)c| |l〉 = 2l |l〉 with
eigenvalues l = ±1
2
, is introduced, it cannot fulfill the condition, σ · pB(B′)c/|pB(B′)c| |l〉 =
2l |l〉, simultaneously.
FIG. 1: Momenta in the nuclear-matter rest frame (a), and in the center of mass frame (b).
Because the self energy, ΣVB, may become significant at high densities and we want to fully
incorporate it into our calculation, it is thus more reasonable to carry out the calculation
with the standard spinors, Eqs.(5)-(6), in the nuclear-matter rest frame, rather than with
the helicity spinors in the center of mass frame.
It is also worth noting that the inclusion of the negative-energy states of baryon in the
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Bethe-Salpeter amplitude may be vital to remove the ambiguity of the relationship between
the in-medium reaction matrices for baryon-baryon scattering and the in-medium baryon
self-energies [14–16]. As discussed in the previous section, such ambiguity may arise from
the restriction that only the positive-energy states are taken into account in the calculation
[6–13]. If one includes the negative-energy states as well as the positive ones, the relationship
can be uniquely determined [14–16].
We thus define four reaction amplitudes
TB′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )
≡ Φ¯B′′′
(
1
2
P + k′, s′′′
)
Φ¯B′′
(
1
2
P − k′, s′′
)
ΓΦB′
(
1
2
P + k, s′
)
ΦB
(
1
2
P − k, s
)
, (7)
RB′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )
≡ Θ¯B′′′
(
1
2
P + k′, s′′′
)
Φ¯B′′
(
1
2
P − k′, s′′
)
ΓΦB′
(
1
2
P + k, s′
)
ΦB
(
1
2
P − k, s
)
, (8)
OB′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )
≡ Φ¯B′′′
(
1
2
P + k′, s′′′
)
Φ¯B′′
(
1
2
P − k′, s′′
)
ΓΘB′
(
1
2
P + k, s′
)
ΦB
(
1
2
P − k, s
)
, (9)
PB′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )
≡ Θ¯B′′′
(
1
2
P + k′, s′′′
)
Φ¯B′′
(
1
2
P − k′, s′′
)
ΓΘB′
(
1
2
P + k, s′
)
ΦB
(
1
2
P − k, s
)
,(10)
where Γ represents the effective reaction operator, and these amplitudes satisfy the following,
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coupled Bethe-Salpeter equations
TBB′BB′(k,k, s, s
′, s, s′;P ) = V¯BB′BB′(k,k, s, s
′, s, s′;P )
+
∑
s′′s′′′B′′B′′′
∫
d3q
(2pi)4
V¯BB′B′′B′′′(k, q, s, s
′, s′′, s′′′;P )
×QB′′B′′′(P , q)gThB′′B′′′(P , q)TB′′B′′′BB′(q,k, s′′′, s′′, s, s′;P ), (11)
RBB′BB′(k,k, s, s
′, s, s′;P ) = U¯BB′BB′(k,k, s, s
′, s, s′;P )
+
∑
s′′s′′′B′′B′′′
∫
d3q
(2pi)4
U¯BB′B′′B′′′(k, q, s, s
′, s′′, s′′′;P )
×QB′′B′′′(P , q)gThB′′B′′′(P , q)TB′′B′′′BB′(q,k, s′′′, s′′, s, s′;P ), (12)
OBB′BB′(k,k, s, s
′, s, s′;P ) = W¯BB′BB′(k,k, s, s
′, s, s′;P )
+
∑
s′′s′′′B′′B′′′
∫
d3q
(2pi)4
V¯BB′B′′B′′′(k, q, s, s
′, s′′, s′′′;P )
×QB′′B′′′(P , q)gThB′′B′′′(P , q)OB′′B′′′BB′(q,k, s′′′, s′′, s, s′;P ), (13)
PBB′BB′(k,k, s, s
′, s, s′;P ) = Z¯BB′BB′(k,k, s, s
′, s, s′;P )
+
∑
s′′s′′′B′′B′′′
∫
d3q
(2pi)4
U¯BB′B′′B′′′(k, q, s, s
′, s′′, s′′′;P )
×QB′′B′′′(P , q)gThB′′B′′′(P , q)OB′′B′′′BB′(q,k, s′′′, s′′, s, s′;P ), (14)
with
V¯B′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )
≡ 1
2
[
V dirB′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )− V exB′′′B′′B′B(k′,k, s′′′, s′′, s′, s;P )
]
, (15)
U¯B′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )
≡ 1
2
[
UdirB′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )− UexB′′′B′′B′B(k′,k, s′′′, s′′, s′, s;P )
]
, (16)
W¯B′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )
≡ 1
2
[
W dirB′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )−W exB′′′B′′B′B(k′,k, s′′′, s′′, s′, s;P )
]
, (17)
Z¯B′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )
≡ 1
2
[
ZdirB′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )− ZexB′′′B′′B′B(k′,k, s′′′, s′′, s′, s;P )
]
, (18)
where these are the anti-symmetrized one-boson-exchange (OBE) interaction kernels, as
given in Ref.[17]. Here, QBB′ is the Pauli exclusion operator for baryons B and B
′, and
gThBB′ denotes the Thompson’s two-particle propagator [18]. The seven arguments in the
reaction amplitudes, TBB′BB′ , RBB′BB′ , OBB′BB′ and PBB′BB′ , and the OBE interactions
are as follows (see also Fig.2): from left to right, the first variable represents the final (or
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intermediate) relative three-momentum; the second, the initial (or intermediate) relative
three-momentum; the third and fourth are for the spins of the final (or intermediate) two
baryons, each of which is up (+) or down (−); the fifth and sixth, the spins of the initial
(or intermediate) two baryons; and the last one is the total three-momentum of the system.
Then, the anti-symmetrized OBE interaction kernels are explicitly defined by
Φ
B
′
(
1
2
P − k ′ , s′ )
Φ
 

1
2
P + k ′ , s) Φ

′


2
P − k ′ , s′ )
Φ

′


2
P − k, s′ ) Φ ′ 	


2
P − k, s′ )
Φ



2
P + k ′ , s) Φ



2
P + k ′ , s)Φ

′


2
P − k ′ , s′ )
V di r

′

′
Φ



2
P + k, s) Φ
ff
′
fi
fl
2
P − k, s′ )
Φ
ffi

 
2
P + k, s)Φ
!
"
#
2
P + k, s)
V ex
$%
′
&'
′
=
2 −
)
−+ 2
Φ
)
*
+
2
P + k, s)
Φ
,
′
-
.
2
P − k ′ , s′ )
V di r
/0
′
2
′ ′
3
′ ′ ′
Φ
4
′ ′ ′
5
6
2
P − q, s′ ′ ′ )
Φ
7
′
8
9
2
P − k, s′ )
T
:
′ ′
;
′ ′ ′
<=
′
Φ
>
?
@
2
P + k ′ , s)
)
Φ
A
′
C
D
2
P − k ′ , s′ )Φ
E
F
G
2
P + k ′ , s)
V ex
HI
′
J
′ ′
K
′ ′ ′
Φ
L
′
M
N
2
P − k, s′ )Φ
O
P
Q
2
P + k, s)
Φ
R
′ ′
S
T
2
P + q, s′ ′ )Φ
U
′ ′ ′
V
W
2
P − q, s′ ′ ′ )
T
X
′ ′
Y
′ ′ ′
Z[
′
T
\]
′
^_
′
Φ
`
′ ′
a
b
2
P + q, s′ ′ )
FIG. 2: As an example, the Feynman diagram of reaction amplitude, T , is shown explicitly.
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V dirB′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )
≡ Φ¯B′′′
(
1
2
P + k′, s′′′
)
Φ¯B′′
(
1
2
P − k′, s′′
)
V ΦB′
(
1
2
P + k, s′
)
ΦB
(
1
2
P − k, s
)
, (19)
V exB′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )
≡ Φ¯B′′′
(
1
2
P + k′, s′′′
)
Φ¯B′′
(
1
2
P − k′, s′′
)
V ΦB
(
1
2
P − k, s
)
ΦB′
(
1
2
P + k, s′
)
, (20)
UdirB′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )
≡ Θ¯B′′′
(
1
2
P + k′, s′′′
)
Φ¯B′′
(
1
2
P − k′, s′′
)
V ΦB′
(
1
2
P + k, s′
)
ΦB
(
1
2
P − k, s
)
,(21)
UexB′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )
≡ Θ¯B′′′
(
1
2
P + k′, s′′′
)
Φ¯B′′
(
1
2
P − k′, s′′
)
V ΦB
(
1
2
P − k, s
)
ΦB′
(
1
2
P + k, s′
)
,(22)
W dirB′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )
≡ Φ¯B′′′
(
1
2
P + k′, s′′′
)
Φ¯B′′
(
1
2
P − k′, s′′
)
VΘB′
(
1
2
P + k, s′
)
ΦB
(
1
2
P − k, s
)
,(23)
W exB′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )
≡ Φ¯B′′′
(
1
2
P + k′, s′′′
)
Φ¯B′′
(
1
2
P − k′, s′′
)
V ΦB
(
1
2
P − k, s
)
ΘB′
(
1
2
P + k, s′
)
,(24)
ZdirB′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )
≡ Θ¯B′′′
(
1
2
P + k′, s′′′
)
Φ¯B′′
(
1
2
P − k′, s′′
)
VΘB′
(
1
2
P + k, s′
)
ΦB
(
1
2
P − k, s
)
,(25)
ZexB′′′B′′B′B(k
′,k, s′′′, s′′, s′, s;P )
≡ Θ¯B′′′
(
1
2
P + k′, s′′′
)
Φ¯B′′
(
1
2
P − k′, s′′
)
V ΦB
(
1
2
P − k, s
)
ΘB′
(
1
2
P + k, s′
)
,(26)
where V represents the OBE operator. In the present calculation, we consider the exchanges
of eight mesons (σ, δ, ω, ρ, η, pi, K and K∗).
When we solve the ladder-approximated, coupled Bethe-Salpeter equations, Eqs.(11)-
(14), we adopt the standard spinors, Eqs.(5)-(6), in the nuclear-matter rest frame, and do
not use the partial-wave decomposition and the helicity spinors (as discussed near Fig.1).4
Note that the negative-energy states are included only in the initial and/or final states
of the Bethe-Salpeter amplitudes, namely, in the intermediate states, they do not appear
[14, 15], because, in the realistic baryon-baryon potentials such as the Bonn potentials [6],
the negative-energy states are usually excluded.
To reduce the number of variables and make the present calculation feasible, we here
average the azimuthal angle in the spinors, Eqs.(5)-(6), namely we replace E∗B(1/2P ± k)
4 We note that, in Ref.[13], Sammarruca et al. have also carried out the DBHF calculation without using
the partial-wave decomposition.
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by the azimuthally averaged effective energy, 1
2pi
∫
dφE∗B(1/2P ± k). We have checked that
this change does not lead any large numerical error in our final results.
Given the reaction amplitudes, we can calculate three self-energy components
ΣBΦΦ(k) ≡ Φ¯B(k,+)ΣB(k)ΦB(k,+)
=
∑
B′,s′
∫
d3q
(2pi)3
θ(kFB′ − |q|)
E∗B′(q)
TBB′BB′
(
1
2
(k − q), 1
2
(k − q),+, s′,+, s′;P
)
, (27)
ΣBΘΦ(k) ≡ Θ¯B(k,+)ΣB(k)|ΦB(k,−)
=
∑
B′,s′
∫
d3q
(2pi)3
θ(kFB′ − |q|)
E∗B′(q)
RBB′BB′
(
1
2
(k − q), 1
2
(k − q),+, s′,−, s′;P
)
,(28)
ΣBΘΘ(k) ≡ Θ¯B(k,+)ΣB(k)ΘB(k,+)
=
∑
B′,s′
∫
d3q
(2pi)3
θ(kFB′ − |q|)
E∗B′(q)
PBB′BB′
(
1
2
(k − q), 1
2
(k − q),+, s′,+, s′;P
)
, (29)
where ΣB(k) is given by Eq.(1), and kFB is the Fermi momentum of baryon B. Substituting
Eqs.(27) - (29) into the following relations
ΣBΦΦ(k) = 2M
∗
B(k)Σ
S
B(k)− 2E∗B(k)Σ0B(k) + 2k · k∗BΣVB(k), (30)
ΣBΘΦ(k) = 2|k∗B|(k)Σ0B(k)− 2|k|E∗B(k)ΣVB(k), (31)
ΣBΘΘ(k) = −2M∗B(k)ΣSB(k)− 2E∗B(k)Σ0B(k) + 2k · k∗BΣVB(k), (32)
we can uniquely obtain the self-energies in Eq.(1).
The energy density of nuclear matter, E , is composed of the kinetic and potential energies,
which are given in term of TBB′BB′ as
E =
∑
B
(〈
TˆB
〉
+
∑
B′
〈
VˆBB′
〉)
, (33)
with 〈
TˆB
〉
= 2
∫
d3k
(2pi)3
[
MBM
∗
B(k) + k · k∗B
E∗B(k)
]
, (34)
〈
VˆBB′
〉
=
∫
d3p
(2pi)3
∫
d3P
(2pi)3
θ(kFB − |12P + p|)
2E∗B(
1
2
P + p)
θ(kF
B′
− |1
2
P − p|)
E∗B′(
1
2
P − p)
×
∑
s,s′
TBB′BB′ (p,p, s, s
′, s, s′;P ) , (35)
where we omit the retardation effect by neglecting terms being proportional to the energy
transfer between two baryons. We can calculate pressure of nuclear matter in the similar
manner [8].
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III. RESULTS
We solve the Bethe-Salpeter equations, Eqs.(11)-(14), in the nuclear-matter rest frame by
using the usual spinors, Eqs.(5)-(6). Then, we carry out the baryon self-energies, the energy
density and pressure of nuclear matter or neutron-star matter. In the present calculation,
we use the Bonn potentials [6], and try to consider not only nucleon but also the degrees
of freedom of hyperons. We first study the properties of symmetric nuclear matter, and
then consider neutron-star matter, where the possible, maximum mass of neutron stars is
calculated.
A. Symmetric nuclear matter
In this section, we study symmetric nuclear matter, where matter consists of only nucleons
interacting through the exchanges of σ, δ, ω, ρ, η and pi mesons.
We first examine how the three self-energies depend on the nucleon momentum in matter.
Supposing that the momentum at the saturation point (or the normal nuclear density), n0B,
is given by the empirical value, k0F = 1.34 fm
−1 [10], the self-energies can be calculated
through Eqs.(30)-(32). In this calculation, they satisfy Eqs.(2)-(4) at each |k|, namely the
momentum dependence of each self-energy is fully taken into account [14, 15]. We show the
momentum dependence of each self-energy in Fig.3. As seen in the figure, the momentum
dependence is not strong. In particular, the space component of the self-energy, ΣV , is almost
constant, and the absolute value is substantially smaller than those of other components,
ΣS and Σ0.
This fact implies that the assumption often used in the conventional DBHF approach,
namely ΣV is assumed to be negligible (as discussed in section I), is reasonable around the
saturation density. We also comment that the present self-energies are very similar to those
given in Fig.8 of Ref.[10], in which the calculation has been performed in the subtraction
scheme with the pseudoscalar (ps) representation and only the positive-energy states of
nucleon are taken into account [10]. This may also infer that the effect of negative-energy
states is limited around n0B (see also the discussion in section II), as long as one chooses the
subtraction scheme with the ps representation.5
5 In Fig.3, we can find that the present self-energies are slightly different from those in Fig.8 of Ref.[10].
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FIG. 3: (Color online) Momentum dependence of the nucleon self-energies in symmetric nuclear
matter at k0F = 1.34 fm
−1. The result is for the Bonn A potential.
Consequently, up to around n0B, it is certainly expected that the space part of the self-
energy and the effect of negative-energy states can be ignored (although, in such case, the
relationship between the in-medium reaction matrices and the self-energies is not clear).
In Fig.4, we present the binding energy per particle in symmetric nuclear matter as a
function of the total baryon density, nB. Table I also shows several properties of symmetric
nuclear matter at n0B. In the figure and table, DBHF
(1) represents the result of the
case where the momentum dependence of each self-energy is fully taken into account (as
in Fig.3) [14, 15]. In contrast, DBHF(2) denotes the result in the conventional “reference
spectrum” approximation [6–13, 16], where the values of self-energies are frozen at some
reference momentum.6 In this calculation, the reference momentum is chosen to be the
Fermi momentum, kF , at each nB.
In our previous calculation [8], where we have assumed the subtraction scheme with the
ps representation, the results for the Bonn A and B potentials are in the rectangular region of
This small difference may be caused by the effect of negative-energy states.
6 The “reference spectrum” approximation may conventionally imply the neglect of the space part of self-
energy as well. However, in the present paper, we do not use this terminology in that sense, because we
explicitly include ΣV in the calculation.
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FIG. 4: (Color online) Binding energy per particle in symmetric nuclear matter as a function of nB.
The calculations have been performed using the Bonn potentials A, B and C. The dashed (solid)
lines represent the saturation curves in the DBHF(1) (DBHF(2)) calculation. The (red) dotted line
is for the result with the rescaled coupling, g∗NNσ (see Eq.(36)), in the DBHF
(2∗) approach. The
empirical values for the saturation density and binding energy lie within the shaded rectangular
region. For details, see the text.
the empirical saturation condition. However, in the present DBHF approach, the saturation
point in each case follows a new “Coester lines”, which is slightly shifted upwards, and thus
the binding per particle becomes shallower than the previous ones. We here comment on
this fact: in relativistic dynamics, the binding energy (∼ 15.5 MeV empirically) generally
results from a sensitive cancellation between the two self-energies, ΣS and Σ0, where each
is of the order of several hundred MeV. Thus, the binding is very sensitive to the change
of the self-energies. As seen in Fig.3, although the present self-energies are very close to
the calculated ones previously in Ref.[8], the small difference between them has affected the
value of binding at the saturation point.
Now we try to adjust the binding in the present method by assuming that only the
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TABLE I: Calculated properties of symmetric nuclear matter at the saturation point, n0B . We use
the Bonn potentials A, B and C. In the first column, for example, the result of Bonn A is labeled as
DBHF(1)(A), etc. The values of the binding energy per particle, E/n0B−MN , the incompressibility,
K, the symmetry energy, S, and the slope parameter, L, are in MeV, and n0B, is in fm
−3. For
details, see the text.
Case n0B E/n0B −MN K S L
DBHF(1)(A) 0.124 -8.1 147 24.4 60.7
DBHF(1)(B) 0.109 -5.3 103 19.4 47.2
DBHF(1)(C) 0.087 -3.5 53 14.6 31.6
DBHF(2)(A) 0.149 -10.5 204 28.8 78.6
DBHF(2)(B) 0.130 -7.3 133 22.7 58.2
DBHF(2)(C) 0.112 -5.2 87 18.0 42.2
DBHF(2
∗)(A) 0.186 -15.1 402 36.8 117.0
nucleon-σ coupling constant varies as
g∗NNσ = gNNσ
(
1− β Σ
S
N
MN
)
, (36)
where β is a constant parameter. Here, the coupling constant in free space, gNNσ, is artifi-
cially rescaled by a factor determined by the scalar self-energies of nucleon (N = proton or
neutron). Note that, for β = 0 or nB = 0, the vacuum value, gNNσ, is recovered.
Using this modified coupling constant, we calculate the properties of symmetric nuclear
matter within DBHF(2)(A) with β = 0.06, which is labeled as DBHF(2
∗), and show the
result in Fig.4 and Table I. In this calculation, although gNNσ is actually enhanced by
only about 2% at n0B, the saturation point considerably moves toward the empirical region.
However, the incompressibility and the slope parameter seem to be overestimated in this
simple modification. By varying not only the coupling between nucleon and σ but also other
couplings and cutoff parameters in the form factors [16], it may be possible to find a better
result in the present method.7
7 Because our aim is to study the properties of dense neutron-star matter including hyperons, we do not
perform such fine-tuned calculations in this paper.
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As mentioned in the discussion of Fig.3, we have confirmed that the space part of the
self-energy, ΣV , can be neglected around n0B. However, it is necessary to examine if such
assumption could work well at higher densities. In Fig.5, we present the density dependence
of the self-energies up to nB = 1.0 fm
−3 in symmetric nuclear matter. Because the computa-
tion of the momentum-dependent self-energies up to high density is a hard task, instead of
the full calculation, we here calculate them within DBHF(2)(A). Indeed, the absolute value
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FIG. 5: (Color online) Self-energies in symmetric nuclear mater. The calculation is performed
within DBHF(2)(A), where the reference momentum is taken to be kF at each nB.
of ΣV is very small up to 2n0B, but, with increasing nB, it grows rapidly and reaches about
0.7 at nB = 1.0 fm
−3. Furthermore, we note that the space part of the neutron self-energy
becomes more enhanced in neutron-rich matter than in symmetric matter. Therefore, it
is unavoidable to consider the space part of the self-energy explicitly in extremely dense,
isospin-asymmetric matter.
B. Neutron stars
1. Neutron stars without hyperons
As we have discussed in the previous section, the two approaches, DBHF(2)(A) and
DBHF(2
∗)(A), have relatively well explained the properties of symmetric nuclear matter
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around n0B, although they have produced the different binding energies and incompress-
ibilities. Thus, using the Tolman-Oppenheimer-Volkoff (TOV) equation [19] with the BPS
model [20] for the EoS in the crust region of neutron stars, we here calculate the neutron-
star mass as a function of the radius within the degrees of freedom of nucleon, electron and
muon, and see how the maximum mass of neutron stars is affected by the difference between
the two approaches. The calculation is performed under the conditions of charge neutrality
and β-equilibrium in weak interaction. The result is shown in Fig.6 and in Table II.8
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FIG. 6: (Color online) Neutron-star mass versus radius. The solid (dashed) line is for the result
with DBHF(2)(A) (DBHF(2
∗)(A)). The dot on the line represents the maximum mass (see also
Table II).
TABLE II: Neutron-star radius, Rmax (in km), the central density, nc (in fm
−3), and the ratio of
the maximum neutron-star mass to the solar mass, Mmax/M⊙.
Case Rmax nc Mmax/M⊙
DBHF(2)(A) 12.6 0.79 2.41
DBHF(2
∗)(A) 12.5 0.80 2.42
8 To reduce the calculation time, we have used the angle-averaged self-energy. For details, see Ref.[8].
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We can see that the two approaches produce the similar results around the maximum
mass, whereas, under the maximum mass, the mass-radius relations in the two approaches
are somewhat different from each other. The curve of DBHF(2
∗)(A), where the attractive
force due to the σ exchange is enhanced in matter (see Eq.(36)), suggests the smaller radius
than in that of DBHF(2)(A). We, however, note that, in this region, the EoS for the crust
part [20] considerably acts upon the mass-radius relation as well. Therefore, as far as we
primarily concern the maximum mass of neutron stars, it may not matter much whether the
saturation properties of nuclear matter at n0B are completely reproduced or not.
2. Inclusion of hyperons
In the following calculations, we choose the method of DBHF(2)(A).
We now consider the degrees of freedom of hyperons as well as nucleon. In this case, the
coupled Bethe-Salpeter equations are very complex. For example, the N -Λ system includes
four OBE processes shown in Fig.7. In RMFT, only the left diagram is considered, while,
N
N
N N N
N N Nc
d e
f
g
h
Σ
Σ
σ,ω,η K ,K ∗ K ,K ∗δ, ρ, π
FIG. 7: One-boson-exchange processes for the NΛ system, in which the scalar (σ, δ), vector
(ω, ρ, K∗) and pseudoscalar (η, pi, K) mesons take part. The Σ hyperon partly contributes to
the system as well.
in the present DBHF calculation, we have to take into account the other three diagrams as
well, where the baryon-exchange and baryon-transition processes are included.
In this calculation, the force between two baryons is generated by the exchanges of eight
mesons (σ, δ, ω, ρ, η, pi, K and K∗). It is then well known that the tensor parts of the pi-
and ρ-exchange potentials are mostly canceled each other, and that it is true even in the K
and K∗-exchange potentials [21]. It is thus important to treat them as a pairwise. Using the
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interactions due to those meson exchanges, we self-consistently calculate the EoS including
hyperons.
Because the present calculation is very heavy and demands an enormous calculation time,
we first study neutron stars with hyperons using the interactions which do not induce the
baryon-exchange and baryon-transition processes, namely only the diagrams like the left
one in Fig.7 are considered.9 Then, we perform the calculations for two cases: one includes
e−, µ− and five baryons (neutrons, protons, Λ, Σ−, Ξ−),10 which we call NlY5, and the
other the leptons and eight baryons (neutrons, protons, Λ, Σ−, Σ0, Σ+, Ξ−, Ξ0), which
we call NlY8. After that, we challenge the calculation including the baryon-exchange and
baryon-transition processes.
Using the experimental data of nucleon-hyperon scattering, the hyperon-meson coupling
constants have been studied by several groups [21–23]. However, due to poor experimental
accuracy, the coupling constants cannot be determined without large ambiguities. Thus, in
the present calculation, we determine them with SU(6) symmetry [24]:
gNNω =
3
2
gΛΛω =
3
2
gΣΣω = 3gΞΞω, (37)
gNNρ =
1
2
gΣΣρ = gΞΞρ, gΛΛρ = 0, (38)
gNNδ =
1
2
gΣΣδ = gΞΞδ, gΛΛδ = 0, (39)
gNNpi = − 5
2
√
3
gΛΛη =
5
2
√
3
gΣΣη = − 5
3
√
3
gΞΞη, (40)
gNNpi =
5
4
gΣΣpi = −5gΞΞpi, gΛΛpi = 0, (41)
gΛΣρ = gΛΣδ = 0, gΛΣpi =
2
√
3
5
gNNpi, (42)
gNNpi = − 5
3
√
3
gNΛK = 5gNΣK =
5√
3
gΛΞK = −gΣΞK , (43)
gNNρ = − 1√
3
gNΛK∗ = −gNΣK∗ = 1√
3
gΛΞK∗ = −gΣΞK∗, (44)
9 Note that, in this case, the K and K∗ mesons are excluded because they always induce the baryon-
exchange and baryon-transition processes.
10 From among the members of the Σ and Ξ hyperons in SU(3) flavor symmetry, we select only the Σ−
and Ξ−. The reason is because, from the viewpoint of electric charge, it is expected that they can appear
easier in matter rather than the other members (Σ+, Σ0 and Ξ0).
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and
κΛΛω ≡ fΛΛω
gΛΛω
= −1, κΣΣω ≡ fΣΣω
gΣΣω
= −3
5
+
2
5
κNNρ, (45)
κΞΞω ≡ fΞΞω
gΞΞω
= −6
5
− 1
5
κNNρ, κΛΛρ ≡ fΛΛρ
gΛΛρ
= 0, (46)
κΣΣρ ≡ fΣΣρ
gΣΣρ
= −3
5
+
2
5
κNNρ, κΞΞρ ≡ fΞΞρ
gΞΞρ
= −6
5
− 1
5
κNNρ, (47)
κNΛK∗ ≡ fNΛK
∗
gNΛK∗
= −2
5
+
3
5
κNNρ, κNΣK∗ ≡ fNΣK
∗
gNΣK∗
= −6
5
− 1
5
κNNρ, (48)
κΛΞK∗ ≡ fΛΞK
∗
gΛΞK∗
= −4
5
+
1
5
κNNρ, κΣΞK∗ ≡ fΣΞK
∗
gΣΞK∗
= κNNρ, (49)
fΛΣρ =
2
√
3
5
(1 + κNNρ)gNNρ, (50)
where κ is defined by the ratio of the tensor to vector coupling constants of a vector meson.
The coupling constant of a pseudoscalar meson with mass, mps, in the pseudoscalar coupling,
gBB′ps, is related to that in the pseudovector coupling, fBB′ps, as
fBB′ps =
mps
MB +MB′
gBB′ps. (51)
In addition, it is necessary to determine the coupling constant for the hyperon-σ inter-
action. The recent analyses of hypernuclei and hyperon production reactions suggest that
the Λ, Σ− and Ξ− respectively feel the optical potential, UΛ−,Σ−,Ξ− ≃ −27, +30, −15 MeV,
in a nuclear medium [25]. We thus fix the hyperon-σ coupling constants, gBBσ, so as to
reproduce these potential depths at n0B, using the Schro¨edinger-equivalent, baryon optical
potential given by
UB(k) = Σ
S
B(k)−
Σ0B(k)
MB
(E∗B(k)− Σ0B(k)) +
1
2MB
(ΣS 2B (k)− Σ0 2B (k)). (52)
Furthermore, for nonstrange mesons, a cutoff parameter in the form factor at the hyperon-
meson vertex, ΛBB′M , is assumed to be the same value as in the nucleon-meson form factor,
while, for strange mesons, a cutoff parameter, ΛBB′K (ΛBB′K∗), is taken to be the average
value of ΛBB′η and ΛBB′pi (ΛBB′ω and ΛBB′ρ).
Now we are in a position to show our results. In Fig.8, we present the particle fractions,
Yi (i = n, p, · · · ), in neutron-star matter. As seen in the figure, both the results are very
similar to each other, and show that the Λ and Ξ− first appear around nB ≃ 0.38 fm−3.
This tendency of the particle fractions is also close to that calculated in RH or relativistic
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FIG. 8: (Color online) Particle fractions, Yi, for (a) NlY5 and (b) NlY8.
Hartree-Fock (RHF) approximation [26, 27], although the present mass-radius relation is
quite different from that in the RH or RHF calculation (see below for further details).
Because the difference between the results in NlY5 and NlY8 is expected to be very small,
we proceed to the next calculation, where the K and K∗ mesons are considered and thus
the baryon-exchange and baryon-transition processes take place, within the NlY5 scheme.
We call this NlY5KK∗.
In Fig.9, the particle fractions in the calculation of NlY5KK∗, together with the results
in RH and RHF approximations with SU(6) symmetry, are displayed. Including the baryon-
exchange and baryon-transition processes, the Σ− first appears at nB ≃ 0.38 fm−3, but its
amount is rapidly reduced with increasing nB. Furthermore, comparing with the result
in NlY5, the threshold densities for the Λ and Ξ− in NlY5KK∗ are pushed toward higher
densities; nB ≃ 0.42 fm−3 for the Λ and nB ≃ 0.44 fm−3 for the Ξ−. In the three cases, the
results are similar to one another, except for the appearance of Σ− in NlY5KK∗. However,
we see the large difference among the equations of sate in three cases, which is shown in
Fig.10. At high densities, the EoS in the DBHF calculation is much harder than in the RH
and RHF calculations.11
In Fig.11 and Table III, our results are summarized, and they show the mass-radius
relations and the properties of neutron stars at the maximum mass. Corresponding to
the fact that the hard EoS is obtained in the DBHF case, we can find that the predicted
11 In Refs.[26, 27], we have reported that, in the case where the coupling constants are determined in SU(3)
flavor symmetry and the quark degrees of freedom inside baryons are considered [28], the RHF calculation
can also produce a relatively hard EoS.
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FIG. 9: (Color online) Particle fractions, Yi, in cases of RH, RHF and NlY5KK
∗. The calculations
in RH and RHF approximations are explained in Ref.[26].
TABLE III: Neutron-star radius, Rmax (in km), the central density, nc (in fm
−3), and the ratio
of the maximum neutron-star mass to the solar mass, Mmax/M⊙. The case of Nl corresponds to
the result of DBHF(2)(A) in Table II.
Case Rmax nc Mmax/M⊙
Nl 12.6 0.79 2.41
NlY5 13.3 0.74 1.95
NlY8 13.3 0.73 1.96
NlY5KK∗ 13.4 0.71 2.02
RH 12.0 0.89 1.67
RHF 11.9 0.94 1.52
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FIG. 10: (Color online) Equations of state in cases of RH, RHF and NlY5KK∗.
maximum masses in the DBHF calculations are very close to the observed one, 1.97±0.04M⊙
(J1614-2230). In particular, the mass in the case of NlY5KK∗ reaches 2.02M⊙, which is also
consistent with the constraint, 2.01± 0.04M⊙, provided by the pulsar (J0348+0432).
In RH or RHF approximation with SU(6) symmetry, because the appearance of hyperons
in matter inevitably softens the EoS, the maximum neutron-star mass becomes seriously
diminished [26]. However, in the DBHF calculation, although hyperons appear as in cases
of RH and RHF, the maximum mass can be much heavier than in the mean-field case. The
reason for the difference is that the DBHF calculation involves the strong density dependence
of the in-medium baryon-baryon scattering amplitude, which is mainly caused by the Pauli
exclusion principle, the short-range baryon-baryon correlations and many-body forces in
matter. This density dependence is thus significant in extremely dense matter like neutron
stars.
IV. SUMMARY AND CONCLUSIONS
Our aim in the present paper is to apply the Dirac-Brueckner-Hartree-Fock approach to
the equation of state for extremely dense, nuclear matter, in which the degrees of freedom
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FIG. 11: (Color online) Mass-radius relations for neutron stars in various cases. The dot on each
line represents the maximum mass (see also Table III). The shaded area represents the observed
constraint by the pulsar J0348+0432.
of hyperons as well as nucleon take part, and study how the hyperons affect the properties
of neutron stars including the maximum mass. To perform such calculations, it is necessary
to improve the conventional method for the DBHF calculation.
First, we have examined if the space part of baryon self-energies can be neglected even in
dense matter. Then, we have found that, as we expect, such neglect is certainly valid around
n0B, but that it grows rapidly above 2n
0
B and thus cannot be ignored at higher densities.
Secondly, in the present calculation, we have partly included the contribution of baryon
negative-energy states, because we want to remove the ambiguity in the relationship between
the in-medium reaction matrices for baryon-baryon scattering and the baryon self-energies
[9–11]. It is meaningful to notice that, up to around n0B, the neglect of negative-energy
states seems practically reasonable (although the ambiguity still remains), and that the
result calculated by the subtraction scheme with the ps representation [8, 10] is very similar
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to the present one.
Furthermore, in the usual DBHF method, it is often assumed that the difference between
the interacting nucleon masses can be ignored even in isospin-asymmetric nuclear matter
[8, 12]. However, in general, the difference between those masses may not be negligible in
the case with large isospin-asymmetry. In matter including hyperons, such mass difference
becomes inherently large. Thus, it is unavoidable to take into account the baryon-mass
difference in dense medium [15].
To manage these problems, in the present paper, we have solved the Bethe-Salpeter
equations, Eqs.(11)-(14), in the nuclear-matter rest frame by using the standard spinors,
Eqs.(5)-(6). Note that, as in Ref.[13], we do not adopt the partial-wave decomposition in
the actual calculation. Then, the baryon self-energies, the energy density and pressure of
matter have been calculated using the Bonn potentials together with the hyperon-meson
coupling constants determined in SU(6) symmetry.
We have studied the EoS for neutron-star matter including hyperons in the following,
three cases: (1) five baryons (neutron, proton, Λ, Σ−, Ξ−) are considered, and they interact
with one another through the exchanges of six kinds of nonstrange mesons (σ, δ, ω, ρ, η, pi),
(2) eight baryons (neutron, proton, Λ, Σ−, Σ0, Σ+, Ξ−, Ξ0) and the six nonstrange mesons
are taken into account, (3) the five baryons take part in, but they interact through the
exchanges of eight kinds of mesons (σ, δ, ω, ρ, η, pi, K, K∗). The last case includes the
diagrams describing the exchange of interacting two baryons and the baryon transition. For
example, in the NΛ channel, it contains the transition process, NΛ → NΣ, as well as the
diagonal one, NΛ→ NΛ.
The particle fractions in neutron stars in the case (1) is very similar to that in the case
(2), where only two hyperons (Λ, Ξ−) appear in matter below nB = 0.8 fm
−3, and any Σ
hyperon does not emerge. This tendency can be also seen in the result with RH or RHF
approximation [26, 27]. The hindrance to the Σ may be partly explained by the fact that
the Σ-σ coupling constant is chosen so as to reproduce the observed, repulsive potential at
n0B.
Therefore, in the last case (3), together with the full members of the mesons, we have
considered only the five baryons. In the result of the case (3), we then have found that the
inclusion of the K and K∗ mesons leads to the appearance of the Σ− at nB ≃ 0.38 fm−3 in
neutron-star matter, which however dwindles rapidly at higher densities. In contrast, the
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numbers of the Λ and Ξ− grow steadily, once they emerge in matter.
The calculation in the case (3) has predicted the maximum neutron-star mass of 2.02M⊙,
which is consistent with both the recently observed masses, 1.97±0.04M⊙ (J1614-2230) and
2.01± 0.04M⊙ (J0348+0432).
Finally, we comment on the future work. In our calculations, we have simply adopted
the hyperon-meson coupling constants in SU(6) symmetry, and assumed that a cutoff mass
in the hyperon form factor at the interaction vertex is taken to be the same value as in the
nucleon form factor. However, if those parameters are replaced with more realistic values
[21–23], the EoS for dense nuclear matter may be changed [26]. In Ref.[21], assuming that
the hyperon-meson coupling constants (apart from those involving the fictitious σ−meson)
are determined by SU(6) symmetry, the cutoff masses and the hyperon-σ coupling constants
have been studied using the experimental data of nucleon-hyperon scattering. Thus, it is
very interesting to perform a calculation with more realistic coupling constants and cutoff
masses in the present DBHF approach, and see how the EoS and the maximum neutron-star
mass are modified.
At very high densities, the quark and gluon degrees of freedom, rather than the hadron
degrees of freedom, may take place in neutron-star matter [1]. Furthermore, in the crossover
between the hadron and quark-gluon phases, there may exist rich non-perturbative structure
such as color superconducting phases etc. It would be very interesting to investigate, together
with the DBHF calculation, how such degrees of freedom contribute to the EoS and the
maximum mass of neutron star.
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